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EESEAECH MEMOEANDUM 

FLIGBT INVESTIGATION AT SUBSONIC, TRANSONIC, AND 
SUPERSONIC VELOCITIES OF THE KENGB-410MENT CHARACTERISTICS, 
LATERAL-CONTROL EFFECTIVENESS, AND WING DAMPING IN ROLL 
OF A 60° SWEPTBACK DELTA WING WITH 
HALF-DELTA TIP AILERONS^ 

(Revised) 

By C. William Martz and James D. Church 
SUMMARY 


A fli^t Investigation of an NACA hinger-moment roll research model 
consisting of a sharj)— nosed cylindrical "body equipped with a cruciform 
arrangement of 60° swepthack delta wings, two of which were equipped 
with half— delta tip controls, was conducted at the Langley Pilotless 
Aircraft Research Station at Wallops Island, Va. Reduced data, obtained 
at zero angle of attack, are presented as the variation with Mach number 
of damping— in— roll coefficient, aileron rolling-moment coefficient, 
lateral— control effectiveness, and hinge-moment coefficient at various 
deflections . 

Results indicated that the half-delta tip aileron (hinge line at 
63.5 percent aileron root chord) was very well balanced, especially at 
■cransonlc and supersonic speeds. Hinge— moment coefficients were found 
to reduce abruptly at a Mach number of O.91, indicating a rapid rearward 
centei^^f— pressure shift. 

The measured damping— in— roll coefficients were approximately 3^ per- 
cent lower than the values predicted by linear theory at supersonic Mach 
numbers . Subsonic values of the dan5>ing— in— roll coefficient were found 
to be about 28 percent lower than predicted by lifting-line theory 
corrected for sweepback and compressibility effects. 

Aileron rollingnnoment coefficients were found to be approximately 
78 percent of the values predicted by linear theory at supersonic Mach 


1 


Originally issued Feb. 7, 1950 as NACA RM L9Ll4. 


2 


NACA EM L5IGI8 


numbers. There were no abrupt changes in aileron rolling-moment coef- 
ficients at transonic speeds. 

Rolling effectiveness of a delta-wing configuration, calculated from 
reduced data of the investigation, agreed favorably with previous rocket- 
test results. Only a small loss in rolling effectiveness was obtained at 
transonic speeds. The delta-wing configuration was found to retain more 
than half of its subsonic rolling effectiveness at a Mach number of 1.5. 


INTRODUCTION 


As part of an endeavor to provide aerodynamic design data for 
guided missiles and high-speed aircraft, a free— flight program was ini- 
tiated to determine the hinge— moment and rolling characteristics of a 
series of promising wing-aileron configurations. It had been indicated 
from free— fli^t rocket tests (reference l) that half— delta wing— tip 
ailerons provide satisfactory lateral-control effectiveness throughout 
the transonic and low^upersonlc speed ranges. It was further realized 
that half— delta tip ailerons provided ample opportunity for aerodynamic 
balance, both because of the mechanical ease of locating hinge axes and 
because of the small movement of center of pressure with moderate changes 
in deflection angle and Mach number. In addition, it was known that thin, 
highly swept wings of low aspect ratio offer the advantage of low drag. 
Therefore, a 60° sweptback delta wing with half-delta tip ailerons was 
chosen as the first of this series for the present investigation. 

Results obtained in this investigation included hinge moments, 
damping— in— roll moments, aileron rolling moments, and rolling effective — 
ness from Mach numbers of O.69 to 1. 52 for all aileron deflections 
between ±5° at zero angle of attack. 


SYMBOIS 

b wing span, 2.58 feet 

c wing mean aerodynamic chord, l.h9 feet 

Cg^ aileron mean aerodynamic chord, O.385 foot 

5 total wing area in one plane, 2.89 square feet 

Sg area of one aileron, 0.095 square foot 

6 deflection of one aileron, degrees 

q), p rate of roll, radians per second 
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V 

1 

P 

E 

H 


g 



Mach number 

mass density of air, slugs per cuhic foot 
free-stream velocity, feet per second 

dynamic pressure, poimds per square foot | 
coefficient of viscosity of air, slugs per cuhic foot— second 
Eeynolds number 

V P 

longitudinal acceleration of model, g units 



acceleration of gravity 


aileron hinge-moment coefficient 

( Hinge moment about hinge line^ 

j 


damping-in— roll coefficient, per radian 

^ Damping— in— roll moment on damping -w-ingsN 
pb 

— qbS 
2T 


C 


aileron roUing-mioment coefficient, 

( Total aileron rolling moment \ 
6qbS / 


per degree 


All rolling moments are taken about the longitudinal axis. 


MODEL 


The hinge-moment roll research model used in this investigation con- 
sisted of a sharp-nosed cylindrical body equipped with a cmiciform 
arrangement of 60° sweptback delta vings. A drawing of the model and 
booster showing the over-all dimensions is presented in figure 1, and a 
photograph of the model is shown as figure 2. 
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Two of the diametrically opposite wings were equipped with tip 
ailerons and two of the wings were affixed to a rolling-moment balance 
beam as shown dlagrammatically in figure 3. The wing panels had a 
modified hexagonal airfoil section, the maxlTnum thickness ratio of which 
v^ied linearity from 2.32 percent at the root chord (at fuselage center 
line) to 9 percent at the parting line of the wing and aileron. The 
half-delta tip ailerons, fastened to the outboard ends of torque rods 
had modified double-wedge airfoil sections with a constant thickness—^ 
to-chord ratio of 3 percent. The gap between the aileron and a fence 
mounted on the tip chord of the wing panel was 0.01 inch. Figure 4 is 
a sketch showing the detail dimensions of the wing and aileron, and 
figure 5 is a photograph of the wing-aileron assembly. The latter 
figure also illustrates the gap existing between the fuselage skin nnH 
the damping-wing surface. 

It was found from preflight wing torsion tests that estimated fli^t 
loads would produce negligible wing twist. 


INSTEdMENTATION 


The model was equipped with an MCA telemeter which transmitted the 
following fli^t data: normal and longitudinal acceleration, static and 

total-^ead pressure, aileron deflection and hinge moment, Augniar rolling 
Telocity, and rolling moment. 

A balance to measure aileron hinge moments and a control— position 
indicator to measure aileron deflections were constructed as integral 
parts of a control power unit, the unit being mounted in the after part 
of the wing section. 


Rolling moment was obtained by rigidly mounting the two damping-in- 
roll wings to the free end of a steel cantileTer balance beam. No arti- 
ficial damping was employed in this assembly. 


In addition to this model Instrumentation, a radiosonde recorded 
atmospheric data at all altitudes shortly after firing. Flight-path 
data were obtatoed with a radar tracking unit and CW Doppler radar was 
used to determine initial fli^t Telocities. Photographic tracking was 
also employed to obtain a visual record of any fli^t peculiarities or 
structural failures during the fli^t. 
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TECHNIQUE 


The technique utilized in this investigation consisted of mechani- 
cally pulsing the ailerons throu^out the entire flight such that their 
deflection varied sinusoidally with time. The pulsing frequency was 
cycles per second and the amplitude ±5°. This technique enabled hinge- 
moment data to he obtained for all aileron deflections over the complete 
Ifech number range tested. All hinge-nnoment data were corrected for the 
inertia effects of the aileron and control linkage caused by the pulsing 
motion as well as the load-deflection effects of the control linkage. 

The response of the model to the sinusoidal control input involved 
motion about the roll axis only (as was substantiated by a normal 
accelerometer reading of zero obtained throughout the fli^t). Thus, 
angle— of-ettack effects were considered negligible upon the results. 

By considering the model to be restricted to one degree of freedom (roll), 
the aileron rolling moments were determined by an application of the 
method of least squares, as is shown in the appendix. 

Wing rolling moments were measured directly by telemetered deflec- 
tions of the rolling-moment balance beam from which the wing daiiq)ing— in- 
roll was determined as shown in the appendix. 


ACCURACY 


Althou^ hinge moments were measured directly from telemetered 
deflections of a calibrated hinge— moment beam, errors were introduced 
into these measurements largely by inaccuracies in insti^umentation. 

Instrument phase— lag errors resulted in a substantial loss in 
accuracy of the damping— in— roll results at subsonic velocities. The 
large number of calcialations necessary in the reduction of the damping- 
in— roll data and the aileron rolling-moment data resulted in a .gmai i 
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decrease in accuracy of these results. The following table has been 
prepared to indicate the estimated probable percentage error of the 
rolling parameters through the velocity range: 


Quantity 

Subsonic 

(M = 0.69 to 0.85) 

Transonic 
(M = 0.85 to 1.15) 

Supersonic 

(M = 1.15 to 1.52) 


±12 

±10 

±7 

h 




‘'b 

±3 

±5 

±8 


All hinge moments were measvired with a possible error of ±1^ inch— pounds. 


RESULTS AND DISCUSSION 


Fli^t conditions existing at the time the data were obtained 
resulted in a Reynolds number variation with Mach number, as presented 
for reference in figure 6. 

TTi'nge moments .— All hinge-moment data presented in this report were 
obtained during decelerated flight (-3.5 < < O) and at zero angle of 

attack . 

The variation of hinge-moment coefficient with aileron deflection is 
presented in figure 7 over a Mach number range of O.69 to 1.52. These 
coefficients were obtained for the aileron moving in both positive aad 
negative directions, as is indicated by the curve symbols. The presented 
curves were faired throu^ the average of the values obtained under the 
above two conditions since the reason for disagreement is not apparent 
at this time. At Mach numbers from O.69 to 0.8U the variations are seen 
to be approximately linear, which indicates the center-of— pressure loca- 
tion of the lift load on the aileron to be invariant with deflection. 

The positive slopes of the curves indicate (for a trimmed condition) 
that the center of pressiire was forward of the hinge line which was 
at 63.5 percent of the aileron root chord. At a Mach number of O.9I the 
cu3rve retains most of the positive slope, but, as Mach number is increased 
to 0.92, a large decrease in slope is observed. This decrease in slope 
is an indication of a rapid rearward shift in the center-of -pressure 
location, most probably the result of a loss in lift over the nose section 
of the aileron, and will be seen later in a different form. The varia- 
tion of 0 ^ with 6 is also less linear at M = 0.92, indicating 
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a small reaorward shift In center-of-pressure location with increasing 
•i®f*l©ctions . The shapes of the hinge— moment— coefficient curves from 
M = 0.95 to M = 1.52 change only slightly, the curves decreasing in 
slope as Mach numher is increased. At low aileron deflections the slopes 
of the curves remain positive, hut at hi^er deflections the slope 
approaches zero and finally hecomes negative at the high est deflec- 
tions (±4° to ^5°) j indicating the center of pressure has moved rearward 
with increasing deflection. Wind— tiumel— test results at M = I.9 of a 
model similar to that used in the present investigation (reference 2) 
indicate that the cente3X)f— pressure location at zero angle of attack 
was subtly behind the hinge line for the test deflection range of ±10°. 
Diffsrences in Mach number between the tunnel results and the present 
test resiolts do not allow a valid comparison to be made. 

It should be pointed out that the aileron was out of trim throu^out 
the Mach range. This can be seen in figure 7 ty the negative values of 
aileron hinge-moment coefficient at zero deflection. The variation of 
this out— of— trim moment with Mach niuaber can be seen more easily in 
figure 8, which is a cross plot of figure 7 and presents the variation 
of hinge-moment coefficient with Mach niunber for various aileron deflec- 
tions. The out-of— trim moment, indicated by the vertical displacement 
of the zero— deflection curve, was found to increase suddenly from a 
value of — 0.005 at M = 0.8U to a maximum value of —0.011 at M = O.9I. 
The out— of— trim moment then decreased with increasing Mach number and 
approached a negligible value at M = 1.52. Out of trim has been pre- 
viously experienced in "symmetrical" delta wings and is believed to be 
the result of sm all constmction errors. Figure 8 again shows the large 
decrease in hinge-^noment coefficients at M = O.91. It should be pointed 
out, however, that the subsonic values, althou^ large in con^jarison with 
the transonic and supersonic values, are actually small as compared with 
values obtained for other present- type ailerons. 

Rolling parameters .- Figure 9 presents the dancing-in— roll results 


(reference 3) for 1<M<1.6 which are baaed on a 6o° sweptback delta 
wing of identical plan form with no body. Also included for comparison 
is one wind-tunnel test point at M = 1.62 (reference 4) for a uniplanar- 
wlng model with a ratio of wing span to body diameter approximately equal 
to that of this investigation. The shape of the damping curve obtained in 
this investigation is seen to compare favorably with linear theory within 
the comparable Mach range; the actual difference in magnitudes between the 
curves, however, cannot be explained by experimental inaccuracy. The 
ratio of wing dancin.g with a body to wing damping without a body as 
obtained theoretically (reference 5) for an identical body-diameter - 
wing-span ratio as that tested Indicates a 4— percent increase in 
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for the body— on condition. It is therefore unlikely that disagreement 
in the comparison of test results with linear theory and the tunnel test 
point resulted primarily from body effects. It is believed that this 
disagreement is the result of mutual wing— interference effects of the 
cruciform configuration which were not considered in the uniplanar-wing 
theory. Subsonic values of were found to be about 28 percent 

lower than predicted by lifting— line theory corrected for sweepback and 
compressibility effects (reference 6 ). At transonic velocities small 
abrupt changes occurred in C 7 — its magnitude first increasing, then 

P 

decreasing, £ind finally slightly increasing again with the total varia- 
tion approximately 22 percent of the mean value. 


The variation of aileron rolling-moment coefficient 


C 7 with Mach 


n;mber is presented in figure 10 over a Mach range of O .69 to 1 . 52 . Calcu- 
lations of based on linear theory (reference 7 ) are presented for 


comparison at supersonic Mach numbers. The test results were found to 
be from 15 percent to 30 percent lower than theoiy at supersonic Mach 
numbers. This difference is the result of the nonapplicable assumption 
of an infinitely thin airfoil utilized in the linear theory. Tunnel tests 
of a similar model (reference 8) have indicated no appreciable variation 
in Cjg with moderate changes in parting— line gap. It is interesting 

to note that there are no sharp breaks or roUing-miDment losses at tran- 
sonic Mach nimibers. There was, however, a 45— percent decrease in 


between the Mach numbers of 1.0 and 1.5* 


Figure 11 presents the variation of win^tip helix angle per unit 
pb/2T 

aileron deflection as calculated for a steady— state rolling con— 

6 

dition from the and data obtained in the present investiga- 


tion. Introduced for comparison are rolling— effectiveness data obtained 
from free— fli^t rocket— test models (reference l) . The characteristic 
decrease in effectiveness at Mach numbers slightly less than M = 1 
resulted primarily from the increased damping— in— roll values at these 
velocities, but this loss in effectiveness was small (lO percent) com- 
pared with other wing-aileron configurations, some of which have 
reversed effectiveness. The 60° wing-aileron combination tested also 
was foxmd to retain 65 percent of the subsonic rolling— effectiveness 
value at M = 1 . 5 . 
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CONCLUSIONS 


The following conclusions may he dnawn from the results of the inves- 
tigation: 

1. The half— delta tip aileron with a hinge— line location at 63.5 per^ 
cent root chord, althou^ slightly overbalanced throu^out the fli^t, 
exhibited very small hinge-moment coefficients, especially at transonic 
and supersonic velocities. An abrupt reduction of hinge-moment coeffi- 
cient occuz*red at a Mach number of 0.91^ indicating a rapid rearward 
cente]>-of— pressure shift. 


2. The hinge-moment data indicate the aileron center of pressure to 
be constant with deflection at subsonic Mach numbers. At transonic and 
supersonic Mach numbers, however, a small rearward cent e3>-of— pressure 
shift was indicated for increasing positive and negative deflections. 


3 . It is believed that minor differences in the fabrication of 
"symmetrical" airfoil sections result in appreciable out-of— trim effects 
for airfoils which employ a large amount of aerodynamic balance. 


ij-. At supersonic speeds the damping— in— roll coefficient 



was 


foimd to be approximately 3^ percent lower than predicted by linear 
theoiy within the comparable Mach range. At subsonic speeds was 


found to be about 28 percent lower than corrected lifting— line theory. 
At transonic velocities small abrupt changes occmred in — its 


magnitude first increasing, then decreasing, and finally slightly 
increasing again with the total variation approximately 22 percent of the 
mean value. 


5 . The aileron rolling-moment coefficient decreased ^5 percent 

at Mach nvimbers from 1.0 to 1.5* There were no abrupt changes in 

in the transonic speed range. 

6. The results indicate the rolling effectiveness (at small angles 
of attack) of a delta wing with tip ailerons to be very satisfactory at 
both subsonic and supersonic speeds. The characteristic loss in rolling 
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effectiveness at transonic speeds (found to be the result of increased 
damping in roll for the present configuration) vas only 10 percent for 
the configuration tested, whereas other type wing-aileron combinations 
suffer serious reductions and even reversals in rolling effectiveness 
at these speeds. 


Langley Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Air Force Base, Ta. 
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APPENDIX 

METHOD OF REDUCING ROLL DATA 


The folloving least— square application was utilized in determining 
the aileron rolling-moment— coefficient results from the telemeter data 
recorded in the investigation. 


L 




Symbols 

total rolling moment measured at wing balance beam, 
ft-lb 

out— of— trim rolling moment of damping wings, ft-lb 


out— of— trim rolling moment of model, ft— lb 

total wing area in both planes, 5«78 sq ft 
Isi = (2S)] 

damping-in— roll coefficient, per radian 
/Total damping-in— roll moment \ 



cp angle of bank, radians 

time derivatives of cp 

ly moment of inertia of model about longitudinal axis, 

slug— ft^ 


Iw moment of inertia of damping wings about longitudinal 

axis of model, slug-ft2 

9 angular deflection of damping wing under applied 

flight loads measured about model longitudinal 
axis, radians 

9 , time derivatives of 9 

ti,t 2 ,t^, . . . time references 
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Method 

The single— degree— of— freedom roll eq^uatlon 


1x9 - — q-bSi9 = -CjgSqbS + 


( 1 ) 


contains all the rolling moments applicable to the test model while in 
fli^t. The derivatives Cjg and ^^p^ assumed to be constant at 

a^ particular Mach number. (This assumption was found to be valid 
within the accuracy of the present investigation.) For convenience, the 
following identities are substituted in the preceding equation: 


% = g? i»Si 

^2 = -CzgqbS 
K3 = Lq 


( 2 ) 


The resulting equation 

I^cp + Kj^q) = 

is multiplied by each of its variables to obtain: 


1^9^ + Kj^cpcp = £^59 + K 39 ( 3 a) 

1x99 + Ki9^ = K25q) + (3t) 

Ix 9 & + + £38 


(3c) 
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By recording several slmultaneoua measurements of the three vari— 
ahles (cp, (p, and 8) at constant Mach numher from the telemeter record, 
the following constants can he evaluated: ’ 


A = = 'Pti^ + qitg^ + ^3^ + . . . 


B = Z(W) = ^3'Pt3 + • • • 

C = 1^(98) = cpti^ti + • 


E = 

E( 9 ) 

F = 


G = 


H = 

1 ( 9 ) 

J = 

1(8^) 

L = 

1(8) 


>. Evaluated as A, B, and C 


Eeplacing the variables in equations ( 3 ) with the above measured 
constants yields three simultaneous equations 


I^A + Kj^B = £20 + K^E 

{ha.) 

1^3 + Kj^F = KgG + K 3 H 

(4b) 

I^C + K^G = K^J + K^L 

(4c) 


The three unknowns Kg, and K3 are obtained from the solution 

of these equations, and, from equation (2), is calculated. 

Bather than use the model rolling response to determine wing damping 
in roll, a more accurate means was used in which the actual rolling 
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moment of the wings was measured throu^ the use of a rolling^oment 
balance . This balance measured the total moment on the vings which 
included the moment due to wing inertia, wing damping moment, and out— 
of— trim rolling moment. The following equation contains a.1 1 the com- 
ponent moments measured by the balance: 


L = 1^(9 - 0 ) - ^ qbS(9 - 0 ) + Lo^ 


The least-equare application to this equation was used as hefore to 
determine the damping— in— roll coefficient C7 . 

The variahles used in the least— square applications were obtained 
from the telemeter record^ a sample of which is illustrated in figure 12. 
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Figure !•- General arrangement of the pulsed-control roll research vehicle and booster; all dimensions 

in inches. 
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Figure 2.- Photograph of pulsed-control roll research vehicle. 
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Center lin e of model 

(a) Details of wing and fence. 

Figure 4.- Control wing; all dimensions in inches. 
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(b) Details of aileron. 
Figure k.- Concluded. 
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Figure 5 .- Photograph of wing and aileron. 
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Reyndds number, R 



Figure 6.- Variation of free- flight Reynolds number with Mach number. 


MCA RM L51G18 


Hinge -moment coefficient, 





Aileron deflection, ^ , deg 



Figiire 7.- Variation of aileron hinge-moment coefficient with aileron 
deflection for M = O.69 to M = I.52 at zero angle of attack. 
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Figure 7*- Continued. 
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Figure J.- Continued. 
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Figure J.- Continued. 
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Figure 7*- Concluded. 
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Figure 8.- Aileron hinge-moment coefficient against Mach number 

zero angle of attack. 
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Damping-in-roll coefficient, C, ,! /radon 


Figure 



Mach number, M 



Damping-in-roll-coefficient variation with Mach number as computed from experimental data. 
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Figure 10.- Variation of aileron rolling-moment coefficient with Mach number as computed from 

experimental data. 
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Figure 11.- Comparison of previous free-flight rocket-test results with results calculated from data 

obtained in present investigation. 
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Figure 12.- Sample telemeter record. 
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